Background: Canine chronic enteropathies (CE) are believed to be caused by an aberrant immune response towards the intestinal microbiome. Administration of probiotics can alleviate colitis in people. In vitro effects of the probiotic Enterococcus faecium NCIMB 10415 E1707 (EF) previously have been evaluated using canine cells (e.g., whole blood, intestinal biopsies), but data on in vivo efficacy are lacking.
C
anine chronic enteropathies (CE) are a group of inflammatory intestinal diseases of unknown cause.
1,2 They usually are defined by response to treatment as food-responsive disease (FRD), antibioticresponsive disease (ARD) and (idiopathic) inflammatory bowel disease (IBD), with the latter also being termed steroid-responsive disease (SRD). 2, 3 All of these syndromes manifest in variable degrees and combinations of gastrointestinal signs (e.g., diarrhea, vomiting, weight loss, changes in appetite).
Because microbiome changes are consistently found in dogs with CE, [4] [5] [6] [7] [8] [9] [10] [11] In humans with IBD and mice with experimental colitis, respectively, administration of probiotics has been shown to alleviate intestinal inflammation, prevent relapse or both by induction of a more tolerant microenvironment. [12] [13] [14] Knowledge about the usefulness of probiotics in CE in dogs is limited. Only two studies have evaluated the in vivo effect of probiotics in dogs with chronic gastrointestinal diseases. 15, 16 One used a combination of different lactobacilli in dogs with FRD compared to placebo (diet only), 15 the other a commercially available product for humans, which contains eight different strains of bacteria (lactobacilli, bifidobacteria, streptococci) in comparison to a combination treatment consisting of metronidazole and prednisolone. 16 In the FRD study, all dogs improved clinically after treatment, but intestinal mucosal cytokine patterns were not correlated with clinical outcome or probiotic supplementation. In the second study, all dogs also improved clinically, but only in the group treated with probiotics was an increase in FoxP3 positive regulatory T-lymphocytes (Tregs) as well as an increase in the supposedly protective Faecalibacterium prausnitzii in fecal samples observed.
5,17
Enterococcus faecium NCIMB 10415 E1707 (EF) is commercially available as a probiotic or synbiotic for small animals both in Europe and in the USA (the US strain is SF68). The strain has shown good properties regarding survival in the upper gastrointestinal tract (GIT), 18 adhesion to canine intestinal mucus and persistence in fecal samples, 19 but has not been tested extensively for its immunomodulatory functions. No information regarding the efficacy of this specific probiotic in dogs with CE is available.
The aim of the present work was to assess the clinical benefit (as measured by the canine chronic enteropathy clinical activity index CCECAI 1 ) of treatment with a synbiotic product (containing EF) a in dogs with FRD. In addition, selected clinicopathological data, intestinal endoscopic and histology scores and mucosal gene expression for a variety of genes associated with microbial recognition and modulation of the immune system in the intestine were investigated before and after treatment to assess if EF can induce a more antiinflammatory environment. 20, 21 Exclusion criteria were the presence of concurrent diseases or treatment with antimicrobials, anti-inflammatory drugs or both 7 days before presentation.
Materials and Methods

Conduct
Study Design. Dogs were seen at three separate visits: visit 1 (recruitment), visit 2 (14 AE 3 days after starting the trial medication) and visit 3 (42 AE 3 days after starting the trial medication; see Fig 1) . The procedures performed at each visit are listed in Table 1 . Patients were randomized (using random permutated blocks of n = 12 that had been designed before the start of the study b ) to receive either the synbiotic EF product or placebo in conjunction with a hydrolyzed protein diet c . All members of staff involved in the trial (apart from the study monitor, a head nurse) were blinded to the dogs' medications.
Assessment of Clinical Severity. Clinical severity was assessed using the CCECAI at all three visits. 1 
Endoscopy and Endoscopic Scoring of Lesions
Gastroduodenoscopy and colonoscopy were performed in all dogs according to standard procedures. Macroscopic endoscopic scoring was performed using the World Small Animal Veterinary Association (WSAVA) approved endoscopic examination report. 20 Multiple biopsies (15) (16) (17) (18) (19) (20) from the duodenum and colon were taken with a single-use endoscopic biopsy forceps, and 10-15 from each site were transferred immediately into 2% neutral-buffered formalin. The remaining biopsies (minimum of 2) were transferred 
Histopathology
Initial histopathological assessment was performed at the pathology department of the RVC as part of the routine diagnostic procedure. After finalizing the study, all slides were reviewed by 1 of the authors (HB), and WSAVA standardized classification was applied to all slides. 20, 21 As described previously, 22 9 histologic variables, five representing morphological changes and four representing inflammatory changes were scored as absent = 0, mild = 1, moderate = 2, or severe = 3 according to the WSAVA guidelines. 20, 21 The total histology score was recorded. At this stage of histologic analysis, HB was blinded to original diagnosis, visit number and treatment group.
Gene Expression from Intestinal Tissues
RNA Extraction and cDNA Synthesis. A single biopsy stored in RNAlater was thawed and homogenized in lysis buffer e using 5 mm stainless steel beads e and a tissue grinder f . Total RNA was extracted using a commercial kit g including an on-column DNAse treatment, and eluted in 30 lL nuclease-free water. RNA quantity and quality was assessed using an automated analyzer h . Reverse transcription of 1 lg of RNA was performed with a cDNA synthesis kit i , which uses a mixture of oligo-dT and random nonamer primers.
Generation of Positive Controls and Selection of Reference Genes. Canine sequences for the genes of interest and reference genes were cloned as described before. 23 Primers were designed based on publically available gene sequences (Genbank, ENSEMBL) using the Primer3 software (see Table 2 ). 24 A total of 16 genes were assessed for stability using suitable software j with a commercially available canine reference gene array k . Based on these data, four reference genes were selected for canine duodenum and five for the colon, respectively ( Table 2) . Primers were optimized using standard PCR l . Amplicons were visualized on a 1.5% agarose gel, purified m and cloned into a holding vector n for subsequent sequencing o and for qPCR standards (see below).
Quantitative Polymerase Chain Reaction. qPCR reactions were carried out in triplicate at a total reaction volume of 20 lL, using a commercially available reagent mix p and a primer concentration of 200 nM. Cycling steps were: 95°C for 5 min, then 40 cycles of 94°C for 15 s, 55°C for 10 s, 72°C for 10 s and 80°C for 5 s. Reaction efficiency was determined using 10-fold dilutions (10 7 molecules lL À1 to 10 1 molecules lL
À1
) of plasmids containing the cloned amplicon. Melting curves were generated to ensure a single amplicon had been produced. Averaged gene expression data for each sample were normalized against the geometric mean of the reference genes. 25 Genes of Interest. Several genes of the innate immune system interacting with bacteria (Toll-like receptors 26, 27 [TLRs] 2,4,5, and 9 as well as components of the inflammasome, 28 NLRP3, casp-1, interleukin [IL]-1b and IL-18) and the adaptive immune response in the intestine were investigated. For the latter, several signature cytokines and transcription factors of different T helper lymphocyte (Th) cell lines were assessed. These included Th17 cells (IL-17A, IL-22, IL-23p40, RORC), 29, 30 Th1 cells (IL-12p35, IL-2, TNFa), Th2 cells (IFNc and IL-4, 31 and Tregs (IL-10 and TGFb).
32
Expression of the so-called trefoil factors (TFF), genes associated with epithelial barrier function and repair, 33 also was assessed. The nuclear receptor PPARc, usually responsible for blocking the transcription of inflammatory cytokines 34 and supposedly especially up-regulated in intestinal epithelial cells by enterococci, 35 was investigated additionally.
Dendrograms and Heatmaps from Gene Expression Data
To facilitate visualization of gene expression data and changes in gene expression among visits of the clinical trial, heatmaps were created using a statistical package q .
Statistical Analyses
Power Calculation. Clinical severity (as assessed by CCECAI) was selected as the primary outcome measure. Calculations were based on a type I error of 0.05 and a type II error of 0.1, which corresponds to a power of 90%. When assuming a difference (delta, D) of 1.5 times the sd (r) to be medically relevant, the necessary number of animals in each group (treatment versus placebo) was determined to be n = 11.
Analysis of Clincopathological, Histological and Gene Expression Data. Statistical analysis was performed using 2 commercially available software packages r,s . Normal distribution was assessed by inspection of histograms or D'Agostino and Pearson omnibus normality test. Subsequently, either parametric or non-parametric tests were performed: A repeated measures model was used to assess the effect of the treatment interval (before versus after 6 weeks of treatment) and treatment type (EF versus placebo). Kruskal-Wallis or t-tests were performed to compare clinical and clinicopathological data, endoscopy and histology scores on visit 1 between treatment groups. Significance was set at P < 0.05.
Results
Patients. A total of 51 possible cases were identified, 45 cases were recruited, and 28 completed visit 1. The remaining 17 dogs dropped out for several reasons: Owners changing their mind about participation in the study without giving specific reasons (n = 5), owners not wanting endoscopy performed (n = 3), additional medical problems were discovered before endoscopy was performed (n = 3), with 1 dog developing pronounced neurological symptoms that were deemed more important than the chronic GIT signs, 1 dog collapsing after sedation for abdominal ultrasound examination and 1 dog being diagnosed with concurrent hypothyroidism, identification of other diseases causing the GIT signs (n = 2, with 1 dog having metastatic gastric carcinoma and the other a pyloric sarcoma), owners not wanting to complete a 6-weeks food trial (n = 2), owners wanting to perform a food trial before endoscopy (n = 1) and 1 dog that had an aggressive temperament. Of the remaining 28 dogs, 16 were withdrawn after visit 1 and did not complete the study. Reasons were: failure to respond to dietary treatment (n = 6), owner not wishing to continue with the study without giving specific reasons (n = 4), owner objecting to a second endoscopy procedure (n = 2), diagnosis of another condition responsible for the clinical signs (n = 2; 1 dog with colonic mucinous adenocarcinoma and 1 dog with pancreatitis), dog not eating the hydrolyzed protein diet (n = 1), and 1 dog being too difficult to handle for a second period of hospitalization. Thus, a total of 12 dogs finished the clinical trial, including Labrador Retrievers (n = 6), Golden Retrievers (n = 2) and 1 dog each of the following breeds: Bracco Italiano, English Setter, Miniature Schnauzer and Standard Poodle. Six dogs were intact males, two dogs castrated males, and four dogs were spayed females. Their median age was 40 months (range, 12-84 months). Seven dogs had been Reference genes for the colon.
randomly assigned to receive the synbiotic product and 5 to receive placebo. Clinical and Clinicopathological Data. The majority of dogs suffered from mixed small and large intestinal clinical signs (n = 6), 3 had solely small intestinal clinical signs, 2 only chronic vomiting and 1 only large intestinal diarrhea. Clinical signs at visit 1 were scored mild to moderate with a median CCECAI of 4 (range, 1-6) in the synbiotic group and 5 (range, 2-7) in the placebo group, without a significant difference between groups. In addition, there was no effect of probiotic treatment on CCECAI at visit 2 or 3 compared to visit 1 (P = 0.72). For both groups combined, CCECAI was significantly decreased at visits 2 and 3 compared to visit 1 (P < 0.001), but not between visits 2 and 3 (Fig 2) .
There were no significant differences in hematological and biochemical variables (including TLI, cPL, folate and cobalamin) between treatment groups at visit 1. Serum folate concentrations showed a significant increase with treatment at visit 3 compared to visit 1 (P = 0.012). In addition, there was a significant difference in serum folate concentrations between the 2 treatment groups at visit 3 (P = 0.012): dogs treated with placebo had higher serum concentrations of folate (mean, 21.42 lg L À1 ; SD, 2.56 lg L
À1
) than dogs treated with the synbiotic (mean, 17.02 lg L
; SD, 1.68 lg L À1 ). Endoscopic Findings. Endoscopic WSAVA scores were low in all areas examined at the initial visit: esophagus median 0 (range, 0-6), stomach median 0 (range, 0-16), duodenum median 1.5 (range, 0-14) and colon median 0 (range, 0-6). Endoscopy scores were even lower (but not significantly) at visit 3: esophagus median 0 (range, 0-1), stomach median 0 (range, 0-3), duodenum median 0 (range, 0-6) and colon median 0 (range, 0-1).
Histopathology. Median total WSAVA scoring of histopathological findings was 3 for the duodenum (range, 1-5) and 2 (range, [1] [2] [3] [4] [5] for the colon at visit 1. At visit 3, the median was 1 (range, 0-8) and 3 (range, 0-4) for the duodenum and colon, respectively. There was no significant difference in total scores among visits or between treatment groups for both sites. In the duodenum at visit 1, 7 dogs showed a mild increase in intra-epithelial lymphocytes, 6 dogs showed mild generalized lymphoplasmacytic infiltration, and 2 dogs mild eosinophilic inflammation. Duodenal architectural changes were present in 8 dogs, and included villous stunting (n = 5), mucosal fibrosis (n = 3), lacteal distension (n = 2), crypt distension (n = 2) and epithelial injury (n = 2). Mild lacteal dilatation was identified in 2 cases.
In the colon (visit 1), mild lymphoplasmacytic infiltration was present in six dogs, mild eosinophilic in two dogs, marked eosinophilic in one dog, and mild neutrophilic inflammation in two dogs. Architectural changes in the colon included crypt hyperplasia (n = 6), crypt distention and distortion (n = 4), fibrosis and atrophy (n = 3) and mild surface epithelium injury (n = 1). In 1 dog, the histology of the colon was reported as normal.
Gene Expression. In both duodenum and colon, TLR2 and TLR4 were more abundantly expressed than TLR5, and TLR9 was expressed at the lowest level (see Fig 3) . Genes associated with the inflammasome generally were expressed at a much higher level in the colon than in the duodenum, especially casp-1 (Fig 4) .
There was no expression of IL-17A in any duodenal sample, although RORC was expressed at a moderate level (Fig 5) . In the colon, IL-17A gene expression was detectable, but still negligible. Moderate levels of IL-22 and IL-23p19 and high levels of RORC mRNA expression were present in the colon (see Fig 6) .
As observed for other genes, expression levels of Th1 and Th2 cell-related cytokines generally were higher in the colon than in the duodenum. The IL-12p35 subunit was most abundantly expressed across all samples, followed by IFNy and TNFa. IL-2 was expressed at low levels and IL-4 showed the lowest expression (see Figs 5, 6) .
Of the genes associated with Tregs, TGFb showed the highest expression levels, followed by IL-10, whereas FoxP3 was undetectable (Figs 5, 6 ).
TFF1 expression was very low in duodenal samples, whereas TFF3 was highly expressed. The nuclear receptor PPARc showed decreased gene expression at visit 3 compared to visit 1 in the duodenum (possibly more pronounced in the placebo-treated group than the synbiotic-treated dogs), but these differences were not statistically significant.
For all of the examined genes, there was no significant difference in expression with regard to time (before versus after treatment) or treatment (synbiotic versus placebo).
Heatmaps of Gene Expression. When assessing all duodenal or colonic samples, there was no clear effect of visit or treatment on differences in gene expression, both by repeat linear mixed modeling including all gene expression data or by subjective analysis of the clustering created by the heatmaps and dendrograms (see Fig 7) . Similarly, there was no effect of visit or treatment on differences in gene expression in the colon by linear mixed modeling, and the heatmap also showed no clustering (see Fig 7) . Gene expression responses in both tissue types were very variable among individual dogs.
Discussion
The objective of the current study was to test the in vivo effects (clinical outcome and changes in gene expression in intestinal tissues) of the PO administration of a synbiotic containing the probiotic EF in dogs with FRD. Although the number of initially recruited dogs would have likely been sufficient to show a difference based on the power calculation, unfortunately, the drop-out rate was considerable. Hence, no additional clinical benefit of the administration of the synbiotic could be demonstrated or excluded. Also, no significant differences in expression of the examined genes were observed between visit 1 and 3 or between treatment groups in the duodenum or colon. The study population was consistent with the literature regarding breed distributaion and age of dogs with CE. 5, 36, 37 Especially, dogs with FRD seem to be substantially younger than dogs suffering from other forms of CE. 1, 38, 39 There was no significant correlation between CCECAI and histopathological scores, a finding that has been demonstrated before. 36, 38 However, it is possible that the dietary trial was not conducted for a sufficient period of time for morphological changes to resolve.
Interestingly, in all dogs, serum folate concentrations increased above the reference range with dietary treatment alone. This was more pronounced in the placebotreated group than in the synbiotic group. Because exocrine pancreatic insufficiency had been eliminated in these dogs, this finding could be indicative of a change in bacterial composition induced by the dietary intervention, which could have been ameliorated by probiotic treatment. Complementary investigations into the composition of the intestinal microbiome before treatment unfortunately was not performed. Macroscopic endoscopy scores and WSAVA histology scores did not change significantly with treatment, which is consistent with the literature. 1, 36, 40, 41 The gene expression study showed that certain receptors of the innate immune system are differentially expressed in the canine intestine (TLR2 and 4 are more abundant than TLR5 and 9). This, as well as the fact that TFF1 is expressed at low levels, whereas TFF3 is abundantly present, has been reported before. 39, [42] [43] [44] The general notion that there is no Th cell lineage-associated cytokine bias in biopsies from dogs with FRD also could be confirmed 45 and was shown to be true for both the duodenum and the colon.
Most genes investigated were expressed at a higher level in the colonic mucosa compared to the duodenum. This is unlikely due to a better preservation or quality of colonic samples, because RNA quality and quantity were assessed for all biopsies and quantification of gene expression was performed relative to several reference genes that were assessed for their stability across samples. The increased gene expression levels in the large intestine could be associated with the larger number of bacteria present in the lumen compared to numbers in the small intestine. However, this also did not change with treatment for FRD or probiotic supplementation.
Limitations of the study included the fact that (despite all efforts) it remained underpowered. Therefore, results regarding the clinical benefit of EF in canine CE, as well as possible effects on gene expression, must be interpreted with caution. The clinical trial was designed to only include dogs with FRD and not other forms of CE. Including more severely affected dogs (with ARD or SRD) needing a variety of treatments would have required even larger numbers of dogs in each treatment group and might have made it more difficult to assess clinical improvement. Even if the desired 11 dogs had been recruited per treatment group, the study might have been underpowered. The choice of the appropriate data set from the literature to use for a power calculation is challenging, because usually a decrease of clinical indices of approximately 75% is considered consistent with remission. 46 However, this has been demonstrated mostly in dogs with idiopathic IBD (i.e., SRD), which seem to have much higher disease activity compared to FRD dogs. 1 Because the expected probiotic effect was unknown, power calculation was difficult to conduct.
Also, the dose of EF chosen to be administered to the dogs of this clinical trial was recommended by the manufacturer (1 9 10 9 CFU once daily). However, limited data are available to suggest the appropriate amount of that particular EF strain needed to induce clinical, immunological or microbiome alterations. Administration of 2-3 9 10 9 CFU/day of a different EF strain resulted in its persistence in feces for 3 months after cessation of the treatment. 19 In addition, culture of feces before and after treatment with EF was not performed in this study, which potentially could have been used to ensure owner compliance of capsule administration. However, because EF can be part of the normal fecal flora and the probiotic strain cannot be differentiated from the naturally-occurring EF strains, the additional benefit of fecal culture is questionable.
In conclusion, this study did not have enough power to enable a statement regarding a potential additional effect of EF (given as a synbiotic) on clinical signs or gene expression in intestinal biopsies in dogs with FRD within a time period of 6 weeks. More studies using a larger number of dogs or dogs with different forms of CE are needed to assess the benefit of probiotics in CE of dogs. Testing of different probiotic strains for their clinical or anti-inflammatory properties in comparison with EF also should be considered. 
